) such as quartz porphyry, wollastonite-rich skarn, and silicic hornfels. Reactions related to creating garnet may increase porosity, which promotes further infiltration and reaction to produce garnet growth. The porosity of skarn rocks (1.8-8.4%) has a broad range and is generally higher than the other rocks (0.8-3.3%). In contrast, most skarn rocks show a remarkably low electrical resistivity (mostly 211-848 Ωm) than the other rocks (1,815-8,601 Ωm). Magnetic susceptibilities of skarn rocks (15-140 × 10 -5 SI) are higher than quartz porphyry and siliceous hornfels (<25 × 10 -5 SI). P wave velocities in the garnet ± pyroxene zone at the skarn front show lower values (1,487-3,674 m/s) than the other rocks (2,902-5,590 m/s), which is likely related to the porosity of the rocks. Thus, in general, the physical properties of rocks as exampled above from the skarn environment reflect their mineral assemblages and can be used for mineral exploration of skarn deposits.
INTRODUCTION
Skarn deposits are formed by metasomatism which results from the transfer of heat and fluid from intrusive rocks to surrounding rocks, leading to early calc-silicate alteration followed by oxide-sulfide mineralization. The alteration mineral assemblages in most calcic skarn deposits are zoned from a proximal garnet-rich zone, through distal pyroxene-rich zone, and to pyroxenoid-rich zone (wollastonite, bustamite, or rhodonite), in relation to associated intrusions (Meinert, 1997) , and mineralization generally occurs within and beyond the skarn. Although there are many skarn deposits in South Korea, well-developed zonation patterns have not been identified due to poor exposure in most deposits. Thus, the zonation model cannot be used in exploration for blind targets. As an alternative, geophysical methods are thought to be the most suitable tools for buried skarn deposits. Several researchers have reported physical properties of plutons in porphyry deposits (Spector, 1972; Ishihara, 1977) and oxide-sulfide ore bodies in skarn deposits (Chapman and Thompson, 1984; Emerson, 1986; Emerson and Welsh, 1988; Hoover and Knepper, 1992; Peng and Zhao, 1998) . But most researchers have not paid attention to the geophysical properties of rocks from the skarn environment.
This paper characterizes calc-silicate alteration assemblages, zonation patterns, and mineralization, and then examines geophysical properties of rocks from the Wondong deposit in the Taebaeksan Basin, South Korea, to discuss the implications of geophysical properties of skarn rocks for mineral exploration.
GEOLOGICAL BACKGROUND

Regional Geology
The Taebaeksan Basin is located in the northeastern part of the Ogcheon Fold Belt, and its stratigraphic units consist mainly of Cambrian-Ordovician Joseon Supergroup and Carboniferous-Triassic Pyeongan Supergroup (Chough et al., 2000) . The Joseon Supergroup disconformably overlies the Precambrian metasedimentary rocks (Yeongnam Massif) and is composed mostly of thick carbonates. It has been subdivided into five types based on distinct lithologic sequences and distribution: Taebaek, Yeongwol, Yongtan, Pyeongchang, Moonkyeong types (Choi, 1988) . The Pyeongan Supergroup consists mainly of a thick clastic succession that formed Eui-Jun Kim Dongbok Shin* Seungwook Shin Hyeong-Tae Nam Samgyu Park mostly in shallow marine and fluvial environments and contains the economically significant coal resources of South Korea (Chough et al., 2000) . The Taebaeksan Basin hosts a variety of skarn deposits (Shinyemi Pb-Zn-Fe, Sangdong W, Geodo Cu-Fe-Au, Yeonhwa I-II Pb-Zn, Dongwon Au-Ag, Dongnam Fe-Mo, Dunjeon Au-Ag, Wondong Pb-Zn-Mo-Fe deposits; Fig. 1 ).
Local Geology and Skarn Rocks
The Wondong deposit is located in the northern Taebaeksan Basin which is divided into northern and southern parts bordered by the ENE-WNW trending Wondong thrust fault (Fig. 2) . The northern part consists mostly of the Pungchon and Hwajeol formations of Cambrian-Ordovician age, while the southern part includes the Maggol formations bordered by Carboniferous Pyeongan Supergroup (Fig. 2) . The Pungchon formation comprises oolitic, argillaceous, and brecciated limestone and conglomerate, and the overlying Hwajeol formation is dark grey shale and limestone. The Maggol formation consists of lenticular or massive dolomitic limestone and dolomite (Chi et al., 2011) .
Quartz porphyry extensively exposed in the Wondong deposit intruded into Cambrian-Ordovician carbonate units and produced a large skarn zone comprised of garnet-rich zone, garnet ± pyroxene zone, and wollastonite-rich zone at the contact zone . The quartz porphyry has a U-Pb zircon age of 79.37 ± 0.94 Ma, while K-Ar ages of phlogopite dated between 49.1 Ma and 49.9 Ma indicate the timing of skarn mineralization (Park et al., 2013) . Quartz porphyry was cut by ore-bearing veinlets (Figs. 5a and b) . Quartz phenocrysts of the quartz porphyry in the drill core are approximately 5 mm in length and occur as euhedral or subhedral crystals. The feldspar in the quartz porphyry intrusion is partially replaced by calcite (Fig. 6a) , and occasionally replaced by ore minerals such as chalcopyrite, magnetite, and scheelite with lesser sphalerite and galena. The abundance of quartz phenocrysts decreases markedly from the core toward the contact with skarn (Figs. 5a and b). The porphyritic texture is interpreted to result from temperature quenching during the intrusion of magma into relatively cold country rocks, or pressure quenching after fluid escape. Skarn in the Wondong deposit is characterized by abundant exoskarn developed into the Maggol formation and lesser endoskarn. The contact zone between the quartz porphyry and the skarn is mostly sharp, and the mineralization is poor at this zone . It implies that the contact zone would have played a role as migration conduit for hydrothermal fluids. Pb-Zn ores generally occur as stratiform replacement ore within the Maggol formation with 10-50 cm in width and 5-20 m in length (Fig. 3) .
Based on outcrop exposures and drill cores, a general zonation pattern of the exoskarn is recognized, comprising a proximal reddish-brown garnet-rich zone, a distal greenish garnet ± pyroxene zone, and a wollastonite-rich zone at the marble front (Figs. 4-5) . The garnet/pyroxene ratios decrease with increasing distance from the quartz porphyry, and pyroxene-rich skarn is much narrower than the garnet-rich skarn. The proximal garnet-rich skarn consists mostly of grandite and is characterized by garnet with sector and oscillatory growth zoning (Fig. 6b) . Garnet also shows systematic color variation from the skarn to the marble front. The proximal garnet is reddish-brown (Fig. 5c ), whereas the distal garnet is light brown to yellow-green near the marble front (Fig. 5d) . The garnet is partially altered to calcite and hematite, with calcite-filled boundaries between individual garnet crystals. Electron microprobe analyses revealed that the garnet belong to grossular-andradite series (Table 1) . Kim et al., 1993). In contrast, pyroxene is relatively lesser in the Wondong deposit, although it is abundant in most skarn deposits. Distal pyroxene is rather perpendicular to the direction of garnet growth, suggesting that the pyroxene was probably precip- itated slightly later than the garnet. The distal garnet ± pyroxene zone has many cavities ( Fig. 5d) , and some cavities were also observed in the proximal garnet-rich skarn. The compositional range of the pyroxene obtained by electron microprobe analyses corresponds to diopside-hedenbergite series (Table  2) . Beyond the garnet-rich and garnet ± pyroxene zones, the wollastonite-rich zone (Fig. 5e ) has a sharp contact with garnet ± pyroxene skarn, but green garnet veins extend into the wollastonite-rich zone from the garnet ± pyroxene zone. Beyond the skarn, silicic hornfels is developed (Fig. 5f ).
The paragenetic sequence of the polymetallic skarn consists of early calc-silicate alteration and later mineralization stage, which mostly occurs within and beyond skarn in the Wondong deposit (Fig. 7) . The mineralization is characterized by magnetite which occurs as massive, banded, and disseminated form in the proximal garnet-rich zone, and by sphalerite and galena which occur as veins in the garnet ± pyroxene zone and as mantos beyond the wollastonite-rich zone (Chi et al., 2011) .
METHODS
Porosity and Density
The porosity and density of rocks from the Wondong deposit were measured using water evaporation and buoyancy methods (International Society for Rock Mechanics, 1979) . Porosity is the ratio of pore volume to its total volume and was measured by using formula (1). It is generally controlled by rock type, grain size, pore distribution, and cementation. The types of geologic porosities include primary, secondary, fracture, and vuggy porosities, of which fracture and vuggy porosities are classified as secondary porosity. The density was calculated by using formula (2):
where, n is effective porosity (%), V is bulk sample volume (cm 3 ), V v is void volume (cm 3 ), M sat is saturated-surface-dry mass (g), M s is grain mass (g), M sub is saturated-submerged mass (g), ρ sat is saturated density (g/cm 3 ). Specimens were completely dried to constant mass at a temperature of 110 °C for 24 hours to measure M s . Secondly, they were saturated by water immersion (0.001 mol solution of sodium chloride) in a vacuum of 0.05 torr for 48 hours, and then the M sub of specimens was measured with a hanging cradle into water. The specimens were removed and dried using a moist cloth to remove only surface water and then the M sat was measured.
Electrical Resistivity
The resistivity is a function of the rock composition (metallic or conductive minerals) and physical property (pore fluids, porosity, etc.) of the rock. Two other factors must be quantified to evaluate the resistivity, including the length and crosssectional area of the sample being measured. The resistivity is expressed by Ohm's law as follows (3): ,
where, ρ is resistivity (ohm-m), R is resistance (ohm), S is cross-section area (m 2 ), L is length (m). Specimens for measuring resistivity were completely saturated by sodium chloride solution, and the resistivity was measured by a system of Park and Matsui (1998) . A Handy Viewer MINI-OHM (OYO Corp.) that can transmit constant currents ranging from 10 to 1,000 μA was used and resistivity was measured within 30 seconds to avoid drying of the surface with lapse of time.
Seismic Velocity
The seismic velocity (e.g., P wave) generally depends on porosity, lithification, and fluid saturation of rocks, and the values for crustal rocks vary broadly in relation to their rock Abbreviations: Adr = andradite, Alm = almandine, Grs = grossular, Prp = pyrope, Sps = spessartine. Abbreviations: Di = diopside, Hd = hedenbergite, Jo = johansenite.
type. The P wave velocity is defined as follows (4):
where, V P is = p wave velocity (km/s), L is length of sample (mm), T m is measured transit time (μs), and T d is system delay (μs). Specimens for measuring P wave velocity were dried for 24 hours at a temperature of 110°C because P wave velocity of rocks is affected by the type of pore fluid. The P wave velocity was then measured using the system of Lee et al. (2010) . A load cell weighing 20 kg was used and the travel time of P waves in the specimens was automatically recorded at intervals of 6 seconds for 2 minutes.
PHYSICAL PROPERTIES OF ROCKS
The physical properties of rocks from the Wondong skarn deposit are listed in Table 3 . The density is closely related to specific gravity of its comprising minerals (Fig. 8a) . Garnet-rich and garnet ± pyroxene skarn are significantly denser (3.3-3.4 g/cm 3 ) than quartz porphyries (<2.5 g/cm 3 ), wollastonite-rich skarn rocks (2.7-3.0 g/cm 3 ), and silicic hornfels (2.6-2.9 g/cm 3 ). The skarn is mostly composed of garnet and pyroxene with lesser calcite and chlorite. In this study, specimens of skarn contain a little of ore minerals such as Fe-oxides and sulfides, which have high specific gravities. Thus, the skarn is much denser than surrounding rocks due to the presence of ore minerals in addition to garnet and pyroxene.
The porosity of garnet-rich and garnet ± pyroxene skarn (up to 8.4%) is much higher than other rocks, including quartz porphyry (0.8-2.5%), wollastonite-rich skarn (4.1-5.9%), and silicic hornfels (1.3-3.3%). It gradually increases from quartz porphyry to skarn, and decreases toward silicic hornfels (Table 3 ; Fig. 8b ). In contrast, garnet-rich and garnet ± pyroxene skarns show a remarkably lower electrical resistivity (mostly 211-848 Ωm, except 1,566, 4,180 Ωm) than the rocks such as quartz porphyry (2,531-8,195 Ωm) and silicic hornfels (1,815 and 8,601 Ωm). It clearly shows an opposite pattern to their porosity and tends to decrease from quartz porphyry to skarn, and increase from skarn to silicic hornfels (Table 3 ; Fig. 8c ). The wide range of resistivity of the quartz porphyry would be caused by strong fractures and joints, which were filled with the later quartz-calcite and quartz veins.
The P wave velocity shows a similar pattern to electrical resistivity (Fig. 8d) . High P wave velocity of quartz porphyry Abbreviations: QP = quartz porphyry, GS = garnet-rich skarn, GPS = garnet ± pyroxene skarn, WS = wollastonite-rich skarn, SH = siliceous hornfels, or = orthoclase, ser = sericite. Others are same as those in Figure 5 . (Table 3 ; Fig. 8e ).
DISCUSSION
Calc-silicate Alteration and Mineralization
In the Wondong Fe-Pb-Zn polymetallic deposit, there is a general zoning pattern of a proximal reddish-brown garnetrich zone, distal greenish garnet ± pyroxene zone, and a wollastonite-rich zone at the marble front, resulting from the transfer of heat and fluid from the intrusive rocks to the Fig. 8 . The variation of density (a), porosity (b), electrical resistivity (c), and P-wave velocity (d), and magnetic susceptibility (e) of the intrusive, skarn rocks, and hornfels plotted as a function of distance to the contact with intrusive rock. Abbreviations are same as those in Table 3. surrounding rocks. This is a typical zoning pattern for most oxidized calcic skarn (Meinert, 1997) . The exsoskarn is dominant, whereas there is subordinate endoskarn. The proximal garnet-rich skarn consists mostly of andraditic-grossularitic garnet with lesser calcite and quartz, and the ratio of garnet: pyroxene tends to decrease with increasing distance from quartz porphyry, as many skarn deposits exhibit the change of garnet/pyroxene ratios as a function of distance from intrusive rocks (e.g., Carr Fork, Bingham; Atkinson and Einaudi, 1978, Fortitude skarn; Meyers and Meinert, 1991) . The garnet ± pyroxene skarn is remarkably narrow compared to the garnet-rich skarn zone in the Wondong deposit, though pyroxene is the most abundant mineral in skarn deposits (Atkinson and Einaudi, 1978; Meyer and Meinert, 1991) , depending on the causative magma and host rock compositions.
The spatially separated mineralization in skarn deposits from Fe in the proximal garnet-rich zone to Pb-Zn in and beyond the garnet ± pyroxene zone is generally controlled by magma composition, temperature variation of skarn-forming fluids caused by wall-rock interaction, and oxidation state. For example, Chang and Meinert (2008) reported that high F content in magma controlled development of endoskarn by decreasing the solidus temperature of the magma and transportation distance of Zn by hydrothermal fluid. In another example, Reed et al. (2013) reported that decreasing temperature of the hydrothermal fluid caused zoned mineralization from proximal Cu-Mo to distal Pb-Zn in the Butte porphyry Cu-Mo deposit. The typical zonation pattern in the Wondong skarn deposit is probably due to the relatively lower solubility of Fe oxides compared with Pb-Zn sulfides. Therefore, declining temperature, accompanied by water-rock interaction, is likely to be the major cause of most metal deposition in the Wondong skarn system, resulting in the spatial separation of proximal Fe and distal Pb-Zn mineralization.
Formation and Importance of Porosity in Rocks
Metasomatism producing skarn affects both porosity and permeability of rocks from the skarn environment. For example, reactions related to creating garnet may generate porosity (Meinert et al., 2005) . Another process is related to decarbonation such as wollastonite-and diopside-forming reactions, which lead to removal of CO 2 gas from limestone, although the hydrothermal fluid, originated from the magma, provides a lot of Si, Fe, and Al. For example, the formation of wollastonite at Mineral Hill, British Columbia, created porosity of host rock by metasomatism (McConaghy, 2001) . The mass balance calculations exhibit a large loss of CaO and CO 2 from metacarbonate xenoliths in the Quérigut massif (Durand et al., 2009) . The large loss of CaO and CO 2 from host rocks during metasomatism may result in forming considerable cavities in skarn.
The infilling of porosity by garnet growth is commonly observed in outcrop exposures and drill cores from the Wondong skarn deposit (Fig. 6b) . Lower porosity in the garnet-rich skarn zone tends to increase towards the garnet ± pyroxene skarn zone ( Fig. 8b ; Table 3 ). Garnet growth suggests that the porosity may have focused skarn-forming fluids and it was filled by later garnet growth (Fig. 6b) and calcite (Fig.  5d) . Ore minerals such as chalcopyrite, galena, sphalerite, and magnetite filled this porosity as well. The above mineral occurrences indicate that the porosity played an important role in focusing fluid flow away from the intrusive rocks.
Characteristics of Rock Physical Properties
In general, skarn deposits show complex geophysical signatures such as density, porosity, and electrical resistivity affected by metasomatism between fluid and wall-rock. The higher density of skarn compared to surrounding rocks is mostly related to the relatively higher specific gravity of skarn minerals, such as garnet and pyroxene, which is apparent in skarn specimens in this study, containing only a small quantity of ore minerals, such as Fe-oxides and sulfides. Most geophysical studies on skarn have focused on ore minerals (Chapman and Thompson, 1984; Chapman et al., 1986; Emerson, 1986) , which are the major cause of gravitational anomalies. However, in this study, skarn silicate minerals may form a gravitational anomaly and/or seismic discontinuity by itself, even when lacking ore minerals.
Electrical methods are generally referred to as "resistivity surveys" and Fe-oxides and sulfides are commonly regarded as relatively good conductors of electricity. In contrast, rockforming minerals are generally poor conductors. The fact forms the basis for geophysical exploration methods. But our study reveals that the porosity, created by metasomatism, can induce differences of electrical resistivity between skarn and surrounding rocks (Table 3 ; Fig. 8c ). In addition, lower P wave velocity of garnet ± pyroxene skarn compared to surrounding rocks was also affected by their porosity (Table 3 ; Fig. 8d) .
Rocks from the Wondong deposit also show variable magnetic susceptibilities. In general, the magnetic susceptibility is strongly controlled by the array of Fe-bearing minerals, especially magnetite (Emerson, 1986) . Much higher magnetic susceptibilities in the rocks such as garnet-rich and garnet ± pyroxene skarns in the Wondong deposit are closely associated with abundant occurrence of magnetite than the other rocks (Fig. 4c) , and the result is consistent with the total Fe contents of whole-rock composition obtained by XRF analyses, which are 4.8-18.3 wt% Fe 2 O 3 for garnet-rich and garnet ± pyroxene skarns and below 3.1 wt% for the other rocks (Table 4) . Therefore, the physical properties such as density, porosity, electrical resistivity, magnetic susceptibility, and P wave velocity of rocks from the skarn environment reflect their mineral assemblages, and they can be used for mineral exploration of skarn deposits.
CONCLUSIONS
The Wondong skarn deposit is related to the intrusion of quartz porphyry and characterized by general zonation comprising a proximal reddish-brown garnet-rich zone, a distal greenish garnet ± pyroxene zone, and a wollastonite-rich zone at the marble front. The mineralization is characterized by Fe in the proximal garnet-rich zone and Pb-Zn within and beyond the garnet ± pyroxene zone. Skarn with different contents of Fe-oxides and sulfides is significantly denser than the other rocks such as quartz porphyry and silicic hornfels. The porosity of skarn rocks has a broad range and is also higher than the surrounding rocks. In contrast, most skarn rocks show a remarkably low electrical resistivity than the surrounding rocks. Magnetic susceptibilities are higher in skarn rocks than the surrounding rocks. P wave velocities in the garnet ± pyroxene zone at the skarn front show lower values than other rock types. In general, the physical properties such as density, porosity, electrical resistivity, magnetic susceptibility, and P wave velocity of rocks from the skarn environment reflect their mineral assemblages and thus can be used for mineral exploration of skarn deposits. 
